University of Louisville

ThinkIR: The University of Louisville's Institutional Repository
Electronic Theses and Dissertations
12-2021

Solvent engineering of molybdenum disulfide electrocatalyst for
hydrogen evolution.
Robert Carl Spalding
University of Louisville

Follow this and additional works at: https://ir.library.louisville.edu/etd
Part of the Catalysis and Reaction Engineering Commons

Recommended Citation
Spalding, Robert Carl, "Solvent engineering of molybdenum disulfide electrocatalyst for hydrogen
evolution." (2021). Electronic Theses and Dissertations. Paper 3924.
https://doi.org/10.18297/etd/3924

This Master's Thesis is brought to you for free and open access by ThinkIR: The University of Louisville's
Institutional Repository. It has been accepted for inclusion in Electronic Theses and Dissertations by an authorized
administrator of ThinkIR: The University of Louisville's Institutional Repository. This title appears here courtesy of
the author, who has retained all other copyrights. For more information, please contact thinkir@louisville.edu.

Solvent Engineering of Molybdenum Disulfide Electrocatalyst for Hydrogen
Evolution

By
Robert Spalding
B.S., University of Louisville, 2019
M.S., University of Louisville, 2021

A Thesis
Submitted to the Faculty of the
College of Arts and Sciences of the
University of Louisville
In Partial Fulfillment of the Requirements
For the Degree of

Master of Sciences
in Chemical Engineering

Department of Engineering
University of Louisville
Louisville, Kentucky

December 2021

Thesis Committee Approval Page

ii

Abstract
Solvent Engineering of Molybdenum Disulfide Electrocatalyst for Hydrogen
Evolution
Robert C. Spalding
12/2/2021

Energy is at an exponentially growing demand, and to keep up with these demands new
technologies for renewable energy have received increased attention. Hydrogen plays a vital role
in water electrolysis and fuel cells, as the hydrogen evolution reaction (HER) is the main step
water splitting process. Most of the current electrocatalysts for HER are dominated by platinum
and other precious metals due to their low over-potential and small Tafel slope, however, they are
extremely costly. For this reason, cost-effective non-precious metal catalysts must be developed.
Transition metal dichalcogenides, such as molybdenum disulfide (MoS 2), are abundant and have
recently shown promising results for HER. The challenge facing the commercialization of MoS2 is
the synthesis process. Hydrothermal synthesis using a precursor, ammonium tetrathiomolybdate,
with hydrazine as a solvent is a common route for obtaining MoS2. Despite successful obtainment
of MoS2, hydrazine is not favored due to high combustibility and toxicity. For this reason, we have
investigated the electrochemical performance of MoS2 obtained by using different solvents.
Electrochemical studies reveal best onset potentials of -116 mV for ethylene glycol followed by 126 mV and -129 mV for water and diethyl glycol solvents, respectively. MoS2 synthesized in 1methyl pyrilidone exhibit best Tafel slope of 51 mV/dec, followed by ethylene glycol and water at
54.9 mV/dec and 55.2 mV/dec, respectively. In comparison, hydrazine shows Tafel slope of 41
mV/dec and onset potential of -100 mV. Scanning electron microscopy reveals MoS2 catalysts
synthesized in dimethylformamide and ethylene glycol produce more active edge sites allowing
for better hydrogen proton adsorption. This study’s results found Ethylene Glycol to show most
promising to replace hydrazine as a current solvent for synthesis of MoS2 catalysts with a
possible link to higher solvent densities improving catalysts performance.
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Introduction
Global air pollution from the burning of fossil fuels has become a worldwide concern, specifically
the negative effects it has had on climate1. Air pollution concerns four major compounds: carbon
dioxide, methane, nitrous oxide and fluorinated gases, these four compounds are greenhouse
gases. Carbon dioxide accounts for 75% of the total greenhouse gases. The top three producers
of carbon dioxide in 2020 are 1) China at 9.8 billion tonnes, 2) USA at 5.3 billion tonnes and 3)
EU-28 at 3.5 billion tonnes2. Generally, fossil fuels are burned to produce energy, which started
back in the 1850’s during the industrial revolution. As shown in Figure 1, a majority of carbon
dioxide emissions stems from fossil fuel consumption. With this drastic inflation in carbon dioxide
and overall greenhouse gas emissions, the environment is impacted. The Intergovernmental
Panel on Climate Change (IPCC) is forecasting a global temperature rise of 2.5-10 °F over the
next century with the current trend in greenhouse emissions3. This rise in temperatures will lead
to reduction/loss of sea ice, worsening storms, etc. which has a drastic effect on human
infrastructure and life along with extinction of animals. World leaders met during the summer of
2021 at COP264, where a future plan was agreed upon to combat the current and future
greenhouse emissions.

Figure 1: Global CO2 Emissions from Fossil Fuels and Land Use Change2

Combatting the growing use of fossil and the inflation of CO2 emissions are renewable energy
sources. Renewable Energy is any energy production that does not deplete the source5.
Renewable energy includes many different sources, from geothermal to wind. As of 2020,
renewable energy makes up approximately 12% of the current U.S. energy. The U.S. Energy
Information Administration projects an increase in renewable energy consumption from 11.59
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quadrillion Btu’s (2020) to 19.03 quadrillion Btu’s in 20506. That is an increase of 7.44 quadrillion
Btu’s, or an increase of 164%. In 2020, the U.S. Department of Energy spent $2.8 billion funding
renewable energy research7.

Figure 2: U.S. primary energy consumption by energy source, 20205

Of the $2.8 billion in funding renewable energy research, $150 million was allocated for the
research and advancement of Hydrogen Fuel Cell technologies. Hydrogen Fuel Cells have a
very promising future in advancement of clean energy. They are primarily being study to replace
petroleum based car engines. The benefits of using hydrogen as a fuel sources comes from the
clean combustion and the availability. The hydrogen combustion reaction takes hydrogen plus
oxygen combust them to produce water and energy8. This reaction produces 280,000 joules of
energy. Using hydrogen as a fuel source for vehicles would drastically reduce the amount of CO 2
emissions from petroleum based vehicles. The availability of hydrogen is limitless, with
approximately 71% Earth’s surface covered in water9. With the benefits of using hydrogen as a
fuel source, why has the economy not transitioned from petroleum to hydrogen? The major
issues are 1) water supply, 2) existing infrastructure and 3) current production of hydrogen. The
water supply is limitless on Earth, just not fresh water. The water supply is 99% saltwater and 1%
fresh water10. With such a small amount of fresh water and an on-going water supply issue, the
additional strain to fresh water is unwarranted. To create freshwater from saltwater, the saltwater
must go through the process of desalination that has mass application issues of its own11.
Secondly, the transition from a petroleum based infrastructure to a hydrogen based infrastructure
will be politically divisive, expensive and time consuming12. Lastly, the methods that massproduce hydrogen are dependent upon fossil fuels13
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Currently, major uses for hydrogen include petroleum refinement, chemical production, treating
metals, production of ammonia by the Haber-Bosch Process and food processing13. In 2020,
approximately 87 million tonnes of H2 gas were produced via natural gas and oil off gases, with
the primary uses being the petroleum refining and chemical production industries14. To produce
H2 via natural gas and oil off gases the chemical processes of steam reforming or partial
oxidation are used15. Approximately 95% of H2 production being from steam methane reforming
of natural gas16. Steam Reforming uses a steam fuel molecule (hexane, butane, etc.) reaction to
produce carbon dioxide and H2, because of this H2 production is still a contributor to global
pollution. The other most popular method is via partial oxidation. Partial oxidation reacts
methane and oxygen together to form carbon monoxide, carbon dioxide and H 2. Producing H2
via partial oxidation also contributes to global climate change. The steam reforming reaction at
an industrial scale has an efficiency of 70-80%, producing 7.05 kg CO2 per kg H2. While, the
partial oxidation reaction has an efficiency of 60-75%15.

A promising replacement of the tradition H2 production methods of steam reforming and partial
oxidation is the hydrogen evolution reaction (HER). HER is one half of the overall reaction of an
electrolysis cell, the other half being the oxygen evolution reaction (OER). This study will focus
only on HER. Figure 2 shows a typical electrolysis cell set-up with platinum electrodes for both
the cathode and anode

Figure 3: Sample Electrolysis Set-Up17
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The “gold standard” for HER catalyst is platinum due to the minimal overpotential and Tafel slope.
The issues with platinum is the finite quantity of platinum located on Earth, and price. Platinum is
currently worth $1,027.02/oz18. 170 tons of platinum are refined a year with ~95 ton being used
for 3-way catalytic converters19; modern hydrogen powered vehicles use 30 g (1.06 oz) of
platinum per car, which the remaining 65 tons of refined platinum will make 3 million fuel cell
vehicles. Potential replacement catalyst for platinum in HER are a group of catalyst called
Transition Metal Dichalcogenides (TMD). TMD’s are semiconductor materials of form MX 2, M is a
transition metal and X is a chalcogen atom 20. TMD’s are studied for HER due to favorable
electronic properties, robustness and material availability. Transition metals and chalcogen
elements are readily available and lost cost. The most promising TMD is Molybdenum Disulfide
(MoS2) which was calculated, using Density Functional Theory, to have similar characteristics as
platinum21.

For the Hydrogen Evolution Reaction to occur there is a thermodynamic minimum of ΔG = 237.1
kJ/mol at standard conditions, which is equivalent to 1.23 V17. Due to transport and
thermodynamic limitations, the actual required voltage will be much greater – called over
potential. HER proceeds via one of the three reactions shown in Figure 3. They are the Volmer
(primary discharge), Heyrovsky (desorption), and Tafel (recombination) reactions22. The route
with which the HER reacts is determined via the corresponding Tafel slope, the Volmer reaction
has a Tafel slope of ~120 mV, the Heyrovsky reaction has a Tafel slope of ~40 mV and the Tafel
Reaction has a Tafel slope of ~30 mV.

Figure 4: HER Reaction pathways22

As the HER proceeds through the reaction, the Volmer Reaction will always occur followed by the
Heyrosky, Tafel or neither. The physical interpretation of the Tafel slope is the rate-limiting step
of the reaction. A perfectly efficient HER catalyst will have minimal over-potential with a small
Tafel slope23.

Research into MoS2 electrocatalyst has been a major on-going process. A prominent paper
detailing MoS2 synthesis and electrochemical properties is MoS2 nanoparticles grown on
graphene: An advanced catalyst for the hydrogen evolution reaction22. This research produced a
novel synthesis method that created MoS2 with a Tafel slope of ~41 mV/decade and an
overpotential of -0.12 V, the published results with the best electrochemical properties for MoS2
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(TMD’s in general). This study, also, determined that the HER occurs on the edges of the MoS2,
not in the basal plane. The synthesis method first made graphene oxide (GO) via a modified
Hummers method. Next, ammonium tetrathiomolybdate was dispersed into a GO,
dimethylformamide and hydrazine solution, the solution was sonicated until homogenous. With
the homogenous solution, a solvothermal reaction was completed at 200 °C for 10 h. After the
reaction, the new MoS2 was separated from the remaining supernatant. From there an ink was
created with 4 mg MoS2 catalyst, 80 µL 5 wt% Nafion, and 1 mL of 4:1 v/v water/ethanol and
sonicated till homogenous. The ink was load on to a glassy carbon electrode. Finally, a linear
sweep voltammetry experiment was completed in 0.5 M sulfuric acid. A second study,
Hydrothermal synthesis of MoS2 nanoflowers as highly efficient hydrogen evolution reaction
catalysts 24 produced a MoS2 catalyst, via a solvothermal reaction at 220°C, with a Tafel slope of
52 mV/decade and an overpotential of -0.13V. This experiment produced the MoS2 catalyst by
combining ammonium molydate with distilled water and hydrazine monohydrate then stirred until
homogenous. A second solution was prepared with Sodium sulfide nonahydrate, distilled water
and hydrochloric acid. The two solutions were combined and stirred till homogenous. Next, a
solvothermal reaction was completed by reacting the solution for 12 hours – this study looked at
different temperature for the reaction – at 160, 180, 200, 220 and 240°C. After the reaction, the
formed MoS2 was filtered and dried. Lastly, a linear sweep voltammetry study was completed in
0.5 M sulfuric acid with ink composed of the MoS2 catalyst in Nafion, ethanol and distilled water.

Both studies, MoS2 nanoparticles grown on graphene: An advanced catalyst for the hydrogen
evolution reaction22 and Hydrothermal synthesis of MoS2 nanoflowers as highly efficient hydrogen
evolution24 reaction catalyst, produced catalyst that performed the HER reaction at an efficient
rate but to do so both had to use harsh solvents. These papers both used chemicals that are
highly dangerous to the environment and the researchers. Hydrazine, for example, is a chemical
that is highly flammable in liquid and vapor form, toxic if ingested or inhaled, and very toxic to
aquatic life with long lasting effects25. For any future upscale a less harsh solvent should be
investigated thus solvent engineering is needed. This paper will utilized solvent engineering to
look at how different solvents affect the electrochemical properties of the MoS 2 catalyst.

This paper will explore how different solvents, that are safer and easier to handle, will affect the
electrochemical properties of MoS2. Through solvent engineering, a trend is developed based on
the intrinsic properties of solvents and electrochemical outputs of their respective catalyst.
Through the trend a more optimum solvent can be predicted and further experimented on,
allowing for future upscale of the use of Hydrogen in the renewable energies field

Background of Experimental Techniques
The following techniques were used to examine the molybdenum disulfide catalyst. The
techniques used were X-Ray Diffraction, Linear Sweep Voltammetry, Electrochemical Impedance
Spectroscopy, Raman, and Scanning Electron Microscopy.
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2.1 X-Ray Diffraction
X-rays are high energy electromagnetic waves with short wavelengths. Diffraction occurs when
an X-ray wave comes into contact with a material with the wavelength having the same order of
magnitude as the space between the particles. Some of the waves disappear, while others do
not. This diffraction pattern is used to reveal the crystal structure of the material. Figure 5 shows
two parallel planes, A and B, in a crystal with spacing denoted as dhkl, with the Miller indices of
the plane being h, k, and l. Suppose an incident beam of X-rays with a specific length, λ, is hitting
the crystal under some angle θ. The diffracted beam will be scattered by the atoms P and Q when
leaving the crystal under the same angle θ.

Figure 5. X-ray waves diffracting by crystallographic planes26

Bragg’s law27, which relates the diffraction angle to the inter-planar spacing, is used to explain the
intensity of the diffracted beam and how it relates to the structure of the solid:
𝑛𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃 , 𝑓𝑜𝑟 𝑛 𝜖 𝑁 +

(1)

Where:
d=Distance Between Planes (Å)
h=Miller Index (dimensionless)
k=Miller Index (dimensionless)
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l=Miller Index (dimensionless)
n=Number of Measurements (dimensionless)
N+=Number of phases (dimensionless)
λ=Wavelength (Å)
θ = Beam angle (°)

The distance between the planes can be specifically defined as:
𝑑ℎ𝑘𝑙 = (

𝑘2
𝑎2

+

ℎ2
𝑏2

𝑙2

−1/2

+ 2)
𝑐

(2)

Where:
a=Lattice Parameter (Å)
b=Lattice Parameter (Å)
c=Lattice Parameter (Å)

One type of diffraction, powder diffraction, is used to reveal all reflections of the crystallographic
plane by measuring intensity of the diffracted beam. Figure 6 shows a diffractometer setup.

Figure 6. Sample diffractometer with the X-ray source (T), sample (S), and detector (C)26
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2.2 Linear Sweep Voltammetry
To evaluate the performance of mass transport and electron transfer in electrochemical systems,
voltammetry is used. In one common technique, linear sweep voltammetry, a fixed scan rate, vs,
is used to sweep the potential between a lower and upper limit, E1 and E2, to measure the current
at the working electrode28. The oxidation or reduction of the species shows up as a peak or
trough in the current signal, as shown in Figure 7.
𝐸(𝑡) = 𝐸1 − 𝑣𝑠 𝑡

(3)

Where:
t=Time (s)
vs=Scan Rate of the Potential Sweep (V/s)
E(t)=Electrode Potential (V)
E1=Lower Limit Potential (V)

Figure 7. Signal output (a) and linear sweep voltammogram peak (b) example29

It is necessary to rationalize the behavior of voltage sweeping. The rate of equilibrium is
established at the electrode surface by the influence of voltage30. The voltage sweep rate is slow
in comparison to the rate of electron transfer, so the equilibrium at the electrode surface is
established and peak potential, Ep, is reached, as predicted by the Nerst Equation29:
|𝐸𝑝 − 𝐸𝑝 | = 2.2
2

𝑅𝑇
𝐹

(4)

Where:
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Ep=Peak Potential (V)
Ep/2=Half Peak Potential (V)
F=Faraday Constant (C/mol)
R=Universal Gas Constant (J/K mol)
T=Temperature (K)

Peak current, Ip, is dependent upon the scan rate and concentration of reactant as explained by
the commonly used Randles-Sevcik Equation31. Here, the value of peak current is linearly related
to the square root of scan rate.
1

|𝐼𝑝 | = 0.4463𝑛𝐴𝐹𝐶𝑏𝑢𝑙𝑘 (

𝑛𝐹𝑣𝑠 𝐷𝐴 2
)
𝑅𝑇

(5)

Where:
n=Number of Electrons Transferred (dimensionless)
A=Effective Area of Electrode (cm 2)
Cbulk=Concentration of Bulk (mol/L)
DA=Diffusion Coefficient (cm 2/s)
Ip=Peak Current (A)

2.3 Electrochemical Impedance Spectroscopy
Impedance is described as the ability to resist the flow of an electrical current without the
restrictions of Ohm’s law. Ohm’s law is used to define the resistance, specifically, it is the
complex resistance of current flowing through a circuit32:
𝑅(𝑡) =

𝐸(𝑡)
𝐼(𝑡)

(6)

Where:
E(t)=Voltage (V)
I(t)=Current (A)
R(t)=Resistance (Ω)

This defined relationship is only valid for an ideal resistor. In actuality, circuit elements exhibit
much more complicated behavior. Due to this, resistance is replaced with impedance. Impedance
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spectroscopy is a technique that can provide information about the electrochemical processes in
fuel cells, as well as time dependent information about the properties of a system. The study of
the variation of the impedance of an electrochemical system with the frequency of small
amplitude is known as electrochemical impedance spectroscopy (EIS). The small amplitude
feature of the perturbation that flows through the system must be small enough to maintain
linearity33. As shown in Figure 8, in linear systems, the current response to a sinusoidal potential
is a sinusoidal shifted at the same frequency.

Figure 8. Linear relationship between the potential input and current output33.

The impedance is measured by applying an AC potential excitation and measuring the current
through the electrochemical cell. The excitation signal is expressed as33:
𝐸(𝑡) = 𝐸0 cos(𝜔𝑡)

(7)

Where:
t=Time (s)
E0=Amplitude of the Signal (m)
ω=Radial Frequency (Hz)

Alternatively, the output current can be expressed in terms of phase shift and radial frequency as
follows33:
𝐼(𝑡) = 𝐼0 cos(𝜔𝑡 − 𝜑)

(8)
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Where:
I0=Output Current (A)
φ=Phase Angle (degrees)

Knowing this, Ohm’s law may be written to calculate impedance as 34:
𝑍(𝑡) =

𝐸(𝑡)
𝐼(𝑡)

=

𝐸0 cos(𝜔𝑡)
𝐼0 cos(𝜔𝑡−𝜑)

=

cos(𝜔𝑡)
cos(𝜔𝑡−𝜑)

(9)

Where:
Z(t)=Impedance (Ω)

The most widespread figure related to EIS analysis is the Nyquist plot. In a Nyquist plot, the
imaginary part of the impedance is plotted versus the real part at each respective frequency
increasing from right to left34. A typical Nyquist plot is shown below in Figure 9.

Figure 9. Sample figure of a Nyquist plot34.

2.4 Raman
When an intense light source, like a laser, hit a sample, the sample will scatter part of the light in
different directions. The majority of this light is visible to the human eye, and is called elastic light,
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whereas the small portion of the light that is not visible to the human eye is called inelastic.
Rayleigh scattering is when most of the scattering of a sample is elastic. The phenomena of
matter being able to scatter inelastic light is the basis of Raman spectroscopy. The mechanism
for Raman scattering comes from the change of vibrational or rotational quantum states of the
illuminated molecules. This Raman scattering is due to scattering of the incident photons where
the transferring or receiving of energy comes from the modes of the sample molecule. Depending
on whether or not the molecule is getting energy from the incident photon, known as red-shifting,
or if the molecule is giving its energy to the scattered photon, known as blue-shifting, decides
whether the shift is stokes or anti-stokes, respectively. The Raman scattering photons are stokes
shifted in most cases due to the fact that there is a low probability that a molecule will start in an
excited state35. Raman scattering is based upon classical theory of the electric field36:
𝐸 = 𝐸0 𝑐𝑜𝑠2𝜋𝑣0 𝑡

(10)

Where:
t=Time (s)
v0=Frequency of the Laser (cm -1)
E=Electric Field Strength (V/m)
E0=Vibrational Amplitude (V/m)

If the diatomic molecule is irradiated by the light, then36:
𝑃 = 𝛼𝐸 = 𝛼𝐸0 𝑐𝑜𝑠2𝜋𝑣0 𝑡

(11)

Where:
P=Electric Dipole Moment (Cm)
α=Polarizability (Cm 2/V)

If the molecule is vibrating with a said frequency, then the nuclear displacement is given as36:
𝑞 = 𝑞0 𝑐𝑜𝑠2𝜋𝑣𝑚 𝑡

(12)

Where:
q=Nuclear Displacement (V/m)
q0=Vibrational Amplitude (V/m)
vm=Frequency of Molecule (cm -1)

For small amplitudes of vibration α is a linear function of q. Thus36:
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𝜕𝛼

𝛼 = 𝛼0 + ( ) 𝑞0 +…
𝜕𝑞 0

(13)

Where:
α0=Polarizability at the Equilibrium Position ((Cm 2/V)
𝜕𝛼

( ) =Rate of Change of α with respect to change in q ((Cm2/V)/(V/m))
𝜕𝑞 0

Combining the above 3 equations, 11,12, and 13 we obtain36:
1 𝜕𝛼

𝑃 = 𝛼𝑜 𝐸0 𝑐𝑜𝑠2𝜋𝑣0 𝑡 + ( ) 𝑞0 𝐸0 [cos{2𝜋(𝑣0 + 𝑣𝑚 )𝑡} + cos{2𝜋(𝑣0 − 𝑣𝑚 )𝑡}]
2 𝜕𝑞 0

(14)

Classical theory states that the first term represents Rayleigh scattering, an oscillating dipole that
radiates light of frequency v0. If the partial derivative term is not zero, then there is Raman-activity
in the system and the second term represents the Raman anti-Stokes scattering with frequency of
v0+vm, while the third term represents the Raman Stokes scattering with frequency of v0-vm36.
Figure 10 shown below is a representation of the differences in energy levels between Rayleigh
and Raman scattering types.

Figure 10. Rayleigh and linear spontaneous Raman scattering schematic37

Raman spectroscopy provides essential information about the energies of molecular vibration
modes. A Raman spectrum is plotted using count rate versus Raman shift. The count rate is
proportional to the intensity of light imaged to the sensor and is the number of events the detector
registers for the respective Raman shift per second of integration. The Raman shift is the energy
difference between the incident light and the scattered light and is usually expressed in
wavenumbers. An example of a Raman spectrum is shown below in Figure 11, but it is common
in practice to only measure the Stokes side since both yield the same information. The
characteristic shifts and relative intensities of the Raman bands shown in the Raman spectra can
be used to analyze and identify functional groups or chemical bonds37.
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Figure 11. Example of a Raman spectrum for CCl436

2.5 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is one of the most versatile examination tools available to
analyze the chemical composition characteristics of the microstructure of a sample by generating
images of the surface. The basis of electron microscopy lies in the fundamental principle of light
optics. The normal human eye can see a resolution of ~0.1mm, while the common optical
microscope has a resolution of ~2,000 Å. The electron microscope, in contrast, has a much
higher resolution due to the replacement of the light source with a high energy electron beam.
Resolution in a perfect system is described by Abbe’s equation38:
𝑑=

0.612𝜆
𝑛 sin 𝛼

(15)

Where:
d=Resolution (length)
λ=Wavelength of Imaging Radiation (length)
n= Index of Refraction of Medium Between Point Source and Lens, Relative to Free
Space (dimensionless)
α=Half the Angle of the Cone of Light from Specimen Plane Accepted by the Objective
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(Half Aperture Angle in Radians)
n sin α=Numerical Aperture

An optical column is used to focus the electronic beam to magnify the desired focus spot on the
surface of a specimen to generate the desired detailed images. The image that an SEM forms
depends upon the acquisition of signals produced from the electron beam and specimen
interactions. The images produced by the secondary electrons (SEs) create the topography of the
sample and are known as inelastic. These SEs are generated when the original electrons created
are ejected after impact with the beam and are detected by the secondary detector. SEs have low
energies at less than 50 eV and are sensitive to topography and carry compositional information
about the sample, however they are often caused by backscattered electrons (BSEs) creating
incident secondary electrons. For this reason, elastic backscattered electron data is more
beneficial to use for evaluating sample composition since BSE emissions are also affected by the
angles of the specimen. BSEs have high energies at thousands of volts, have low energy loss,
and great travel depths in comparison to SEs39. In addition to the BSEs and SEs that can be
used to generate the sample image, other signals are produced when the electron beam strikes
the specimen and include characteristic X-rays, X-ray continuum, and Auger electrons. Figure 12
shows the regions where these signals are detected.

Figure 12. Signals generated by an electronic beam shot at a specimen38.

Materials
This section describes all materials that were used during experiments. All materials used for all
experiments were purchased from VWR40, unless otherwise specified. The precursor to
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molydium disulfide (MoS2) is ammonium tetrathiomolydate (ATM). ATM has a molecular
structure as shown in Figure 13. ATM at room temperature is salt that is bright red, has a
molecular weight of 260.3 g/mol, and has a melting point of 300 °C41.

Figure 13: Two Dimensional Chemical Structure and Molecular Formula of Ammonium
Tetrathiomolydate41

Nafion, a Chemours Product, is a chemically stabilized perfluorosulfonic acid and
polytetrafluoroethylene copolymer in an acid form 42. Nafion is an ionomer, an ionomer is a
synthetic polymer with ionic properties. For this study, Nafion was used at a 10% by weight ratio
to the other contents. The purpose of the Nafion in the experiment was to aid in the attachment of
MoS2 to the pristine glassy carbon electrode. Without the aid of the Nafion the MoS 2 catalyst
would not stick to the pristine glassy carbon electrode thus making the experiment invalid. Nafion
has many different chemical configurations43, shown in Figure 14 is the general Nafion Unit.

Figure 14: General Nafion Unit42
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The research conducted with this paper focused on different solvents and their intrinsic properties
to see how the synthesized MoS2 performed under the same experimental conditions. Table 1
shows the solvents used for experiments and a few of their intrinsic properties 44.
Table 1: List of Solvents and Solvent Properties
Solvent

Density
(g/mL)

Boiling
Point (⁰C)

Dielectric
Constant

Hydrogen
Bonding

Polar/
Non-Polar

Water

0.998

100

80.1

42.3

Polar

Ethanol

0.789

78.5

24

19.4

Polar

Ethylene Glycol

1.115

197

37.7

26

Polar

Diethylene Glycol

1.118

245

31.8

20.7

Polar

Dimethylformamide

0.944

153

37

11.3

Non-Polar

1-Methyl-2-Pyrilidone

1.033

202

31.2

7.2

Non-Polar

Pyridine

0.982

115.5

13

5.9

Non-Polar

Experimental Methods
The following section describes all steps taken during this research. Each of the steps described
below was followed the same for all solvents listed in Table 1. The only difference for each
experiment would be the varying solvents.

3.1 Creating MoS2 Catalyst via Solvothermal Synthesis
The MoS2 electrocatalyst was created using a solvothermal reaction. First, 100 mg of ATM was
added to 15 ml of solvent in a sterile 40 ml vial. The sample was then sonicated for 60 minutes.
After sonication the sample was reacted in a Teflon Reactor for 18 hours at 210 ⁰C and allowed to
cool. Next, the sample was split evenly into two sterile 15 ml centrifuge tubes and filled with RO
water. The centrifuge tubes were placed in the centrifuge and ran for 15 minutes at 4000 rpm.
The supernatant was discarded from the centrifuged tubes. The steps of adding RO water,
centrifuging, and discarding the supernatant was repeated 3 total times. Once finished, the
centrifuge tube was filled with pure ethanol and centrifuged for 15 minutes at 4000 rpm. Half of
the supernatant was discarded. Finally, the centrifuge tube was place in an incubator at 60 ⁰C
with the lid off until the remaining supernatant evaporated off
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.
Figure 15: Teflon Reactor Set-Up for Solvothermal Synthesis of MoS245

3.2 MoS2 Catalyst Ink Preparation
Using the dried electrocatalyst, an ink was made for the experiment. First, 4 milligrams of the
MoS2 electrocatalyst was added to a sterile 2 milliliter vial. Next, 40 microliters of 10% (by
weight) Nafion solution and 1 milliliter of 20% (by volume) ethanol solution were added to the 2
milliliter vial containing the 4 milligrams of the MoS2 electrocatalyst. The 2 milliliter vial containing
the solution was then allowed to sonicate for 30 minutes to 90 minutes. The purpose of the
sonication was to ensure a homogenous solution. This provided a solution density of 4 milligrams
per milliliter.

3.3 Pristine Glassy Carbon Electrode Cleaning and Verification
Before applying the electrocatalytic ink to a pristine glassy carbon electrode (GCE), cleaning and
degree of activation of the GCE was completed. To clean the GCE, 0.05 micrometer alumina
paste was placed on a dampened circle cloth pad. The GCE was then gently pressed and
rubbed, while wearing nitrile gloves, on the cloth pad with 5 µL of alumina paste in figure eights
for 5 or more minutes. Once cleaned, the GCE was cleaned of alumina using RO water then
dabbed with a kimwipe. To determine the degree of activation of the GCE surface, the difference
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in the peak potentials of the redox couple of ferro/ferricyanide was used. The expected peak
potential of the ferro/ferricyanide couple is 60 millivolts for the forward scan and backwards scan,
thus a total of 120 millivolts difference between peaks, as shown in Figure 16. First, the
ferro/ferricyanide solution was created using 1 millimolar ferrocyanide in 1 molar potassium
chloride. The ferro/ferricyanide solution was poured into an electrochemical cell. The
electorchemical cell was set-up using an Ag/AgCl/4 M KCl reference electrode, graphite as the
counter electrode and the cleaned GCE. In the electorchemical cell, nitrogen via a bubbler was
used to degas the cell before and after the cyclical voltammetry was run. While running, the
nitrogen bubbler was removed. Using cyclic voltammetry with a scan range between -0.2 volts
and 0.6 volts with a scan rate of 10 millivolts per second, the GCE was validated pristine. If the
GCE did not have a peak potential difference of 120 millivolts the process was restarted at the
cleaning with alumina and repeated till the peak potential difference was 120 millivolts.

Figure 16: Degree of Activation of a GCE Surface with Ferro/Ferricyanide

3.4 Calculation of Required MoS2 Ink Loading
The electrocatylst ink was distributed on the pristine GCE via dropcasting. To do this the loading
volume was first determine. Using the GCE radius of 0.25 centimeters, electrocatalyst density of
4 milligrams per milliter, and a loading of 0.285 milligrams per centimeter squared the loading
volume was calculated, as shown below. The loading of the GCE is based on MoS2
Nanoparticles Grown on Graphene: An Advanced Catalyst for the Hydrogen Evolution Reaction 22.
𝜋(0.25 cm)2 (

1 mL
4 mg

) (. 285

mg
cm2

) = 0.01399 mL = 14 µL

(16)
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3.5 Drop casting of MoS2 Ink
Using a micropipette the 14 µL of MoS2 ink was drop cast onto an inverted rotameter. The
rotameter was rotating at 40 RPM’s during the drop casting. Once the MoS 2 ink was drop cast
onto the pristine GCE the rotameter’s speed was increased slowly as to not cause the ink to fly
off of the GCE. The rotameter’s speed was kept at speed to where the MoS 2 catalyst would
spread equally across the GCE. The appropriate speed was determined visually, the drop cast
catalyst should not be moving so fast that there is a bowl that forms in the middle of the droplet.
If a bowl were to form, the catalyst would be spread towards the outer third of the GCE which
would hinder performance. The right rotating speed was just slightly before the bowl would form,
which allows the catalyst to spread evenly over the GCE. Once rotating at the correct speed, the
ink was left to evaporate all the liquid leaving only the catalyst behind. There was no set time, the
rotameter was kept spinning till the catalyst dried.

Figure 17: Drop casting of MoS2 on to Pristine GCE
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3.6 Electrochemical Cell Set-Up
Once the MoS2 Ink has dried and deposited the MoS2 catalyst the electrochemical cell was setup. First, a 5 neck European Style Flask was partially filled with 0.1M Sulfuric Acid (H 2SO4).
Next, the rotameter with the deposited catalyst was flipped back down and slid through the center
neck on the flask. Once slid back into the flask, a sensor was attached to the working electrode.
Then, the graphite counter electrode, nitrogen diffuser and Ag/AgCl/4M KCl reference electrode
were inserted through the three of the five necks and connected to their respective wires/hoses.
The nitrogen was turn on such that the diffuser was slightly bubbling. Finally, the rotameter was
slowly sped up to 1000 RPM’s.

Figure 18: Electrochemical Cell Experimental Set-Up
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3.7 Potentiostat Set-Up
Using an Autolab PGSTAT302N potentiostat46 the following settings were put in, the Ag/AgCl/4 M
KCl reference electrode has a reference electrode potential of 0.210V, the scan speed is 10
mV/s, the frequency response analyzer (FRA) bias is -0.3, the number of 100 cycles will be 10
(1000 cycles total), the minimum potential will be -0.8 V and the maximum potential will be 0 V.
With those setting a Linear Sweep Voltammetry experiment was carried out.

Results
The following section describes all results obtained from experiments. This section will show
experimental data from LSV, EIS, Tafel, Raman Spectroscopy, XRD, and SEM.

4.1 LSV
Each experiment run with the different solvent synthesized MoS2 catalyst produced a Polarization
Curve, similar to Figure 19. Then, each individual graph was compiled into a singular
polarization curve graph (Figure 19). The graphs were obtained via 7. Potentiostat Set-Up in
the Experimental Methods Section from the Autolab PGSTAT302N potentiostat. The readings for
the graphs were taken via a sensor attached to the working electrode (cathode), glassy carbon
electrode with MoS2 catalyst. Onset Potentials were determined graphically by looking at the
individual graphs and seeing where the lines start to break. The onset potentials for Water,
Ethanol, Diethylene Glycol, Ethylene Glycol, Dimethylformamide, 1-Methyl-2-Pyrilidone and
Pyridine are -126 mV, -146 mV, -129 mV, -116 mV, -142 mV, -140 mV, and -134 mV,
respectively
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Figure 19: Polarization Curve of Chosen Solvents

4.2 EIS
From the Polarization Curves (Figure20), the below Nyquist plot can be generated via equation 9.
Equation 9 was applied to all data points on the Polarization Curve then plotted. Again, each of
the solvents below was graphed indiviudally then compiled into a master Nyquist plot. The
Nyquist plot shows the resistance of the MoS2 electrochemical catalyst to flow of electrical
current, the closer the semicircle end points are to each other the less resistance there is.
Ethylene Glycol has the smallest resistance due to the the intercepts on the Z(Ω) axis.
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Figure 20: Nyquist Plot of MoS2 with Chosen Solvents

4.3 Tafel Plot
From the Polarization Curves (Figure 19) Tafel slopes were determined. From the data provided
by the potentiostat the curves were linearized. To do so the logarithm of the current was taken,
this changed the units to decades from mA/cm 2. The Tafel slope of each occur from the onset
potential to where the curve straightens back out. Using the derived Butler-Volmer equation,
known as the Tafel Equation, for Tafel Slope, equation 17, the Polarization Curve was
linearized47,48.

𝜂 = 𝑎 + 𝑏 log 𝑖

(17)

Where:
η = overpotential (mV)

𝑎=

2.3𝑅𝑇
log(𝑖0 )
𝛼𝐹

𝑏= −

2.3𝑅𝑇
𝛼𝐹

= y-intercept/constant (mV)

= Tafel Slope (mV/dec)
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𝑖 = current density (mA/cm 2)

The Tafel slopes of Water, Ethanol, Diethylene Glycol, Ethylene Glycol, Dimethylformamide, 1Methyl-2-Pyrilidone and Pyridine are 55.2 mV dec-1, 95.4 mV dec-1, 95.8 mV dec-1, 54.9 mV dec-1,
80 mV dec-1, 51.4 mV dec-1, and 102.4 mV dec-1. Select Tafel Slopes are shown in Figure 21.

Figure 21: Tafel Plot of MoS2 synthesized with Chosen Solvents

4.4 Summary Table of LSV and Tafel Plot
Table 2 shows a summary of onset potentials from the Polarization Curve and Tafel
slopes from the Tafel Plot
Table 2: Summary of Chosen Solvents Onset Potentials and Tafel Slopes
Solvent

Onset Potentials (mV)

Tafel Slope (mV dec-1)

Water

-126

55.2

Ethanol

-146

95.4
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Ethylene Glycol

-116

54.9

Diethylene Glycol

-129

95.8

Dimethylformamide

-142

80.3

1-Methyl-2-Pyrilidone

-140

51.4

Pyridine

-134

102.4

4.5 Raman
Next Raman Spectroscopy was completed using an Invia Micro Raman and PL Spectroscopy
system49 on the synthesized from different solvents MoS2 catalyst to look at functional groups that
are present. The first significant peak occurs around the 250-300 range and According to Raman
band Correlation Table50 that represents the MoS2 catalyst. Before 250, the peaks occurring are
due to lattice vibrations. The second significant peak is the set between 425-550, this set of
peaks is indicative of the Sulfur-Sulfur bond. The third significant peak is between 800-850 and
according to Raman band Correlation Table50 is a Carbon-Oxygen-Carbon group, this can be
attributed to left over Ethanol51 from the MoS2 centrifuge experimental step. The final peak is
between 950-1050, which can also be attributed to remaining ethanol.

Figure 22: Raman Spectroscopy of MoS2 Catalyst synthesized with Different Solvents
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4.6 XRD
Using an AXS D8 Advance 2-Series X-ray Diffractometer52, X-Ray Diffraction was completed on
the synthesized MoS2 catalyst. Rearranging Equation 1, dhkl was calculated for each significant
peak using Figure 23 as shown in Table 3. For Equation 1, λ = 0.154 nm, n =1 and θ =
Angle(2θ)/2.

Figure 23: XRD of MoS2 Catalyst synthesized with Different Solvents
Table 3: dhkl-value (Å) and corresponding peaks (°)

Glycerol
2θ -peaks
Water
2θ -peaks
Ethanol
2θ -peaks
EG
2θ -peaks
DMF
2θ -peaks

7.96 Å
11.1°
8.18 Å
10.8°
7.31 Å
12.1°
7.13 Å
12.4

4.33 Å
20.5°
5.33 Å
16.6°

2.70 Å
33.2°
2.71 Å
33.1°

5.18 Å
17.1°

2.76 Å
32.4°
2.73 Å
32.8°

1.59 Å
58.1°

1.59 Å
57.8°
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3.83 Å
23.2°

DiEG
2θ -peaks

MoS2 Nanoparticles Grown on Graphene: An Advanced Catalyst for the Hydrogen Evolution
Reaction produced MoS222 and Hydrothermal synthesis of MoS2 nanoflowers as highly efficient
hydrogen evolution reaction catalysts24 both produced catalyst with peaks between 10-15, 30-35
and 55-60 2θ. Comparing those results shows that water and ethylene glycol produced MoS 2
with peaks in those ranges, water and ethylene glycol were two of the best electrochemical
performers. Additionally DMF, had two of the prominent peaks

MoS2 has a hexagonal crystal structure 53. Using the calculated dhkl values in Table 3, the h, k
and l values were calculated using equation 2. To calculate the h, k, and l values, lattice
parameters of a = 3.190 Å, b = 3.190 Å and c = 14.879 Å were used53. The rearranged Equation
2 is shown in equation 1854.
1
𝑑ℎ𝑘𝑙 2

4 ℎ2 +ℎ𝑘+𝑘 2

= 3(

𝑎2

𝑙2

) + 𝑐2

(18)

Using equation 18, the Miler-Planes were calculated. For peaks between 10-15 2θ the (hkl)
plane is (002), 30-35 2θ the plane is (100) and 55-60 2θ the plane is (110). Comparing to MoS2
Nanoparticles Grown on Graphene: An Advanced Catalyst for the Hydrogen Evolution Reaction
produced MoS222 and Hydrothermal synthesis of MoS2 nanoflowers as highly efficient hydrogen
evolution reaction catalysts 24 the planes calculated from the MoS2 synthesized match up.
Addition peaks of 20-25 2θ have a plane of (007) and 16-18 have a plane of (003). The
significant plane with the highest density is the (002) plane, this is determined via the intensity of
the measurement.

4.7 SEM
Final test completed on the MoS2 catalyst was SEM. SEM was used to look at the synthesized
MoS2 on the microscopic level. HER with MoS2 is based on the chemistry at the edges of a MoS2
particles, determined by MoS2 Nanoparticles Grown on Graphene: An Advanced Catalyst for the
Hydrogen Evolution Reaction produced MoS222. Looking at the SEM pictures in Figure 24, MoS2
synthesized using DMF (Figure 24C) looks to have the most potential edge sites due to the
amount of clusters of MoS2 present. Experimentally that is not the case; Figure 24B MoS2
synthesized in ethylene glycol is the best performer. The ethylene glycol synthesized MoS 2 was
the best electrochemical performer. Looking at Figure 24B, MoS2 formed looks to have formed
“towers” of MoS2 that opens the outside edges of the catalyst to perform HER more efficiently.
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B

A

C
Figure 24: SEM pictures of MoS2 synthesized with Different Solvents. A. Shows MoS2
synthesized with water B. Shows MoS2 synthesized with Ethylene Glycol and C. Shows MoS2
synthesized in Dimethylformamide

4.8 Trend Table of Solvent Engineering of MoS2
Based off all the above data, Figure 19 and 21 and MoS2 Nanoparticles Grown on Graphene: An
Advanced Catalyst for the Hydrogen Evolution Reaction22 data, a trend was developed for future
solvent selection. This trend is shown below in Table 3:
Table 4: Trend Table between Density and Tafel Slopes
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Looking at the center Tafel Slopes and the Densities along the top shows a similar graph to a
volcano diagram converging between 1.011 and 1.033 g/mL. Next, looking at the onset
potentials of Hydrazine, 1-Methyl-2-Pyrilidone, Water and Ethylene Glycol. Hydrazine has an
onset potential of -100 mV, 1-Methyl-2-Pyrilidone’s onset potential is -140 mV, Water’s onset
potential is -126 mV and Ethylene Glycol’s onset potential is -116 mV. Based off these data
points, a potential solvent to improve the electrochemical properties of solvothermal synthesized
MoS2 would have a density of 1.011 and 1.033 g/mL, have a nitrogen atom within the structure
and have a trans-isomer configuration.

Conclusions
Solvent engineering was completed during this study and it is seen in the results, the same
process was repeated with the difference solvents. The solvents produced electrocatalysts with
different Tafel Slopes and onset potentials. The different Tafel slopes and onset potentials are
because of how the MoS2 is formed during the reaction and how edges are formed, the edge
chemistry being the driver of HER for MoS2. From the results of the different solvents, a trend
formed, shown in Table 3, corresponding with the density of the solvents. The trend formed is
very similar to a volcano plot; the trend is converging towards a density between 1.011 and 1.033
g/mL. The solvent that produced the best MoS2 was Ethylene Glycol – Ethylene Glycol has the
second best Tafel slope and the lowest onset potential, along with the smallest resistance. Also,
Ethylene Glycol has the active planes that correspond to MoS2 Nanoparticles Grown on
Graphene: An Advanced Catalyst for the Hydrogen Evolution Reaction 22 MoS2 catalyst, which
has produced the best Tafel Slope and Onset potential for a TMD catalyst.
Still there may solvents that produce better MoS2. The trend pointed towards the need for a
nitrogen atom and a trans-configuration. The nitrogen atom stems from looking at Hydrazine and
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1-Methyl-2-Pyrilidone, these two compounds were the best performers for Tafel slope. Needing a
trans-configuration arrives from the top three perfomers – both Hydrazine and Ethylene glycol are
of trans-configuration. Based off this trend one solvents fit very well. The solvent is 2aminoethanol which has a density of 1.018 g/mL, trans-configuration and having a nitrogen atom.
Addition to fitting trend, 2-aminoethanol is a much safer solvent than hydrazine. It is a mild
irritant, high combustion point and poses no long lasting dangers to the environment55.

Future study on this topic should continue. This study shows much promise, since there are
differences between catalysts synthesized with different solvents there is potentially a solvent that
will produce a better MoS2 catalyst 2-Aminoethanol. For future investigation, experiment with
multiple solvents for the solvothermal reaction. This recommendation stems from MoS2
Nanoparticles Grown on Graphene: An Advanced Catalyst for the Hydrogen Evolution Reaction 22,
as described in the Introduction, that study utilized two solvents – hydrazine and DMF – along
with reduced graphene oxide for the one experiment and then only the two solvents for the other
experiment. Using two solvents, there may be an underlying chemistry occurring in the
solvothermal reaction that is producing MoS2 particles with a larger amount of edges. As
discussed previously, the more edges the catalyst particle has the better the HER.
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